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a b s t r a c t
Samples were collected from wild birds in western Alaska to assess dispersal of inﬂuenza A viruses
between East Asia and North America. Two isolates shared nearly identical nucleotide identity at eight
genomic segments with H9N2 viruses isolated from China and South Korea providing evidence for
intercontinental dispersal by migratory birds.
Published by Elsevier Inc.
Introduction
Wild birds play an important role in the global epidemiology of
inﬂuenza A virus (IAV) infections, but despite extensive research
and surveillance efforts, the role of migratory species in the
intercontinental dispersal of viruses remains unclear. Previous
research on IAVs in wild birds provides evidence that sampling
birds at the margins of North America where migratory ﬂyways of
birds from different continents overlap may be a useful strategy
for maximizing the detection probability for foreign origin IAV
genomic segments (Pearce et al., 2009). Therefore, it is plausible
that the detection probability for foreign origin viruses may also be
high at these same locations. Indeed, the only detection of a
completely Eurasian lineage IAV in North America to date occurred
in the maritime province of Newfoundland, Canada, an area with
extensive evidence for interhemispheric viral gene ﬂow (Huang
et al., 2014). In previous research conducted in western Alaska at
Izembek National Wildlife Refuge, 70% of IAV isolates contained
Eurasian origin genomic segments providing evidence for high
levels of intercontinental viral genetic exchange (Ramey et al.,
2010). Therefore, we sampled wild birds for IAVs at this site to gain
further inference on the intercontinental exchange of viruses
between East Asia and North America via Alaska.
Results and discussion
Genetically indistinguishable H9N2 subtype IAVs were recov-
ered from an emperor goose (Chen canagica) fecal sample and a
northern pintail (Anas acuta) cloacal swab collected on 23 and 30
September 2011, respectively. BLAST results and phylogenetic
analyses suggested that these IAVs were only distantly related to
H9N2 viruses previously isolated in poultry and other IAV strains
of public health concern. Additionally, phylogenetic analyses
provided evidence that genomic segments shared genetic ancestry
with viruses originating from both North America (NS, PA) and
Eurasia (M, NP, PB1, PB2) with more complicated, transhemi-
spheric ancestry for the HA H9 and NA N2 genomic segments
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(Fig. 1). Both H9N2 subtype viruses isolated in Alaska shared
nearly identical nucleotide identity (i.e. Z99.4%) at all eight
genomic segments with viruses previously isolated from wild
birds samples from Lake Dongting, China (n¼23; Wang et al.,
2012; Zhu et al., 2014) and Cheon-su Bay, South Korea (n¼1; Lee
et al., 2014; Table 1; Fig. 2).
Izembek National Wildlife Refuge provides staging habitat for
hundreds of thousands of migratory birds during autumn migration
including several species with intercontinental migratory tendencies
such as emperor geese and northern pintails (Miller et al., 2005; Hupp
et al., 2007, 2011); Fig. 2. The novel ﬁnding of nearly identical viruses
in Alaska, China, and South Korea provides direct evidence for the
dispersal of inﬂuenza A viruses between East Asia and North America
by wild birds. As there is no commercial poultry production inwestern
Alaska and highly similar H9N2 IAV strains have not been reported in
poultry in East Asia or North America, it is unlikely that agricultural
imports inﬂuenced this result. Furthermore, highly similar H9N2
viruses were isolated from different labs in three countries providing
no evidence that our results could be explained by laboratory artifacts.
Our results, therefore, provide evidence that IAVs associated with
disease in humans and poultry in East Asia (e.g., H5N1 and H5N8) may
be introduced to North America via migratory birds provided that such
viruses can be maintained in free-ranging hosts.
Our phylogenetic analyses corroborate previous reports of inter-
continental reassortant H9N2 IAVs (Zhu et al., 2014; Lee et al., 2014).
The ﬁnding of nearly identical H9N2 viruses on two continents with
genomic segments representative of both North American and Eur-
asian lineages suggests that other reassortant viruses detected in
Alaska may have been dispersed between East Asia and North
America. Thus, the frequency of inter-hemispheric dispersal events
of IAVs by migratory birds may be higher than previously recognized.
Materials and methods
During September and October of 2011–2013, cloacal swabs and
fecal samples were collected from wild birds at Izembek National
Wildlife Refuge on the Alaska Peninsula. A total of 2924 samples were
collected from 24 species over three years (Table 2). All samples were
screened using real time RT-PCR (Spackman et al., 2002) and those
providing cycle threshold values r45 were inoculated into embryo-
nated eggs for virus isolation (Woolcock, 2008). A total of 90 inﬂuenza
A virus isolates were recovered (Table 2).
Genomes (ca., 13.5 kb) of resultant isolates were ampliﬁed in a
multiplex RT-PCR following Zhou et al. (2009). Excess dNTPs and
primers were removed using ExoSAP-ITs (USB Corporation). PCR
products were quantiﬁed with ﬂuorometry using a high sensitivity
Quant-iT dsDNA Assay Kit (Invitrogen) and prepared for sequencing
following the Nextera XT DNA sample preparation kit protocol
(Illumina, Inc.). Indexed libraries were pooled and sequenced on the
Illumina MiSeq using a 500 cycle reagent kit with paired-end reads.
Sequence reads were assembled using Bowtie 2 version 2.2.3
PB2 PB1 PA H9
NP N2 M NS
Fig. 1. Partial maximum likelihood phylogenies for inﬂuenza A virus genomic segments depicting inferred ancestry of highly similar H9N2 viruses detected in Alaska, China,
and South Korea. Bootstrap support values Z70 are shown. Sequences for strains originating from North America (blue) and Eurasia (black) are indicated by color. Sequences
for isolates characterized as part of this study are highlighted in red.
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(Langmead and Salzberg, 2012) using IAV data obtained from GenBank
as reference genomes for mapping reads to the eight segments.
Consensus sequences were generated with SAMtools version 1.1
(Li et al., 2009) and validated with FLuANotation (FLAN).
Among the 90 IAV isolates recovered were two viruses of the H9N2
subtype (124,129–247,877 reads aligned per isolate). Given the role of
H9N2 IAVs in the evolution of H5N1 and H7N9 subtype viruses
associated with human disease in Asia (Li et al., 2004; Gao et al., 2013)
and concerns regarding the pandemic potential of IAVs of this subtype
(Li et al., 2003), sequences for these two isolates were selected for
further genetic characterization. GenBank accession numbers for
H9N2 viruses isolated as part of this study are: KP336376–
KP336391. Nucleotide sequences were compared to IAV lineages
available on the NCBI website using the nucleotide BLAST function.
Sequence data for the top 100 BLAST hits per genomic segment were
downloaded, aligned with sequences for H9N2 subtype isolates
identiﬁed as part of this study, and trimmed to common length
(PB2: 2154bp, PB1: 2185bp, PA: 2083bp, HA: 1519bp, NP: 1335bp, N2:
Table 1
Nucleotide similarity between H9N2 subtype inﬂuenza A virus strains isolated from wild birds samples collected in Alaska, Chinab,c, and South Koreaa.
Location of origin Shared nucleotide identity (%) to Alaska H9N2 isolates
PB2 PB1 PA H9 NP N2 M NS
Alaska (USA)
A/northern pintail/Alaska/2011-0703/2011 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
A/emperor goose/Alaska/2011-0713/2011 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
South Korea
A/bean goose/Korea/220/2011a 99.8 99.8 99.9 99.7 99.8 99.8 99.9 100.0
China
A/wild waterfowl/Dongting/C2032/2011b 99.7 99.6 99.9 99.6 99.7 99.6 99.9 99.9
A/wild waterfowl/Dongting/C2123/2011b 99.8 99.7 100.0 99.8 99.5 99.5 100.0 99.7
A/wild waterfowl/Dongting/C2148/2011b 99.8 99.7 99.9 99.8 99.5 99.5 100.0 99.9
A/wild waterfowl/Dongting/C2149/2011b 99.7 99.8 99.9 99.8 99.5 99.5 100.0 99.9
A/wild waterfowl/Dongting/C2150/2011b 99.7 99.7 100.0 99.8 99.5 99.5 100.0 99.9
A/wild waterfowl/Dongting/C2203/2011b 99.8 99.7 100.0 99.9 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/C3109/2011b 99.7 99.8 99.9 99.6 99.6 99.6 99.9 99.7
A/wild waterfowl/Dongting/PC2539/2012b 99.5 99.6 99.9 99.6 99.5 99.5 100.0 99.9
A/wild waterfowl/Dongting/PC2540/2012b 99.5 99.8 99.9 99.6 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/PC2553/2012b 99.5 99.6 99.9 99.7 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/PC2559/2012b 99.5 99.7 99.9 99.6 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/PC2560/2012b 99.7 99.7 99.8 99.6 99.6 99.6 100.0 99.7
A/wild waterfowl/Dongting/PC2562/2012b 99.6 99.7 99.8 99.8 99.6 99.6 99.9 99.6
A/wild waterfowl/Dongting/PC2574/2012b 99.5 99.6 99.9 99.6 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/C4296/2012b 99.7 99.6 99.8 99.7 99.6 99.6 100.0 99.7
A/wild waterfowl/Dongting/C4316/2012b 99.7 99.6 99.9 99.7 99.5 99.4 100.0 99.7
A/wild waterfowl/Dongting/C4317/2012b 99.5 99.7 99.9 99.6 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/C4326/2012b 99.4 99.7 99.9 99.7 99.6 99.6 100.0 99.9
A/wild waterfowl/Dongting/C4327/2012b 99.4 99.7 99.9 99.7 99.6 99.6 100.0 99.7
A/wild waterfowl/Dongting/C4329/2012b 99.6 99.7 99.8 99.8 99.6 99.6 99.9 99.6
A/wild waterfowl/Dongting/C4429/2012b 99.7 99.7 99.8 99.8 99.6 99.6 100.0 99.7
A/wild waterfowl/Dongting/C4430/2012b 99.4 99.7 99.9 99.7 99.6 99.6 100.0 99.9
A/egret/Hunan/1/2012c 99.6 99.6 99.9 99.4 99.5 99.4 99.7 99.5
a Lee et al. (2014).
b Zhu et al. (2014).
c Wang et al. (2012).
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Fig. 2. Generalized migratory patterns of emperor geese (blue) and northern pintails (red) in the East Asian-Australasian and Paciﬁc Americas ﬂyways and locations in
Alaska, China, and South Korea at which wild birds were infected with highly similar H9N2 inﬂuenza A viruses.
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1261bp, M: 888bp, and NS 775bp). A maximum likelihood phylogeny
was reconstructed for each genomic segment to provide inference on
genetic ancestry in MEGA version 5.1 (Tamura et al., 2011) using the
Nucleotide: Nearest-Neighbor-Interchange method with 1000 boot-
strap replicates. Additionally, sequences for all previously characterized
IAV isolates that shared Z99% nucleotide similarity at all eight
genomic segments with sequences for H9N2 subtype viruses identi-
ﬁed as part of this study were downloaded, aligned, and trimmed to a
common length per genomic segment (PB2: 2232bp, PB1: 2241bp, PA:
2127bp, HA: 1611bp, NP: 1459bp, N2: 1334bp, M: 925bp, and NS
778bp), and compared Alaska H9N2 viruses via a pairwise distance
matrix using MEGA (Tamura et al., 2011).
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